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ABSTRACT: Aflatoxins, zearalenone, deox­
ynivalenol. fumonisins. and their respective metabo­
lites require specific procedures for their determina­
tion because of their diverse chemistry and occurrence
in complex matrices of feedstuffs and foods. Major
sources of error in the analysis of these mvcotoxins
arise from inadequate sampling and inefficie~textrac­
tion and cleanup procedures. The determinative step
in the assay for each of these toxins is sensitive to
levels below those that are considered detrimental to
humans and animals. Aflatoxins can be determined in
grains and animal fluids and tissues by TLC, HPLC,
gas chromatography-mass spectrometry (GC-MS),
and ELISA procedures. Zearalenone, an estrogenic
mycotoxin, can readily be determined in cereal grains
and foods by HPLC (50 ng/g) and by TLC (300 ng/gl.

No incurred levels of zearalenone or its metabolites
have been detected in animal tissues destined for
human consumption. Deoxynivalenol can be deter­
mined in wheat and corn at 300 ng/g by a rapid TLC
procedure and at 325 ngig by a GC method. Although
not tested collaboratively, an HPLC procedure and an
ELISA screening procedure are capable of detecting
deoxynivalenol at low (nanograms/gram) levels in
feedstuffs and foods. The recently characterized
fumonisins can be detected by TLC, HPLC, and GC­
MS at levels below those now considered harmful.
Thin-layer chromatography and HPLC (with fluores­
cence detection of derivatives) procedures can detect
fumonisins at approximately 100 ng/g; GC-MS is
required for detection at lower levels.
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Introduction

The most commonly encountered mycotoxins in
feedstuffs and foods are aflatoxins, zearalenone, deox­
ynivalenol (vomitoxin l, and fumonisins. The condi­
tions or mycotoxicoses caused by these mycotoxins are
not pathognomonic: therefore, to determine the cause
of the specific condition or disease requires confirma­
tion of the toxin( s) in a representative sample of the
feed, food, tissue. or fluid. The methodologies devel­
oped for these mycotoxins vary because of the
differences in chemistry of the specific mycotoxins. the
varied and complex matrices in which the mycotoxins
occur, and the commercial availability of affinity
columns for the specific mycotoxins. The mycotoxins
noted above have been found in a variety of foods and
feedstuffs and have been proven as causes of. or
implicated Ill, mycotoxicoses of either animals or
humans.
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Aflatoxins

The Toxins

Aflatoxins are fluorescent compounds originally
described from the outbreak of poisonings of large
numbers of turkeys and other animals in the United
Kingdom during 1960. They are classified chemically
as difurocoumarolactones and their biosynthesis by
the producing fungi is via the polyketide pathway
(Smith and Moss, 1985), The structures of four of the
major aflatoxins produced in feedstuffs and foods are
shown in Figure 1. The most potent and most
frequently occurring of the four compounds is aflatoxin
B j . Aflatoxin M1 is a metabolite of aflatoxin B1 that
occurs in various tissues and fluids from animals and
is shown in Figure 2.

Two major species of Aspergillus are responsible for
the production of aflatoxins in commodities, A. flavus
and A. parasiticus. These organisms are ubiquitous,
occurring in soil and on vegetative matter, and are
transmitted to the plants in the field primarily by
wind and insects. Infection and production of aflatox­
ins in field crops by these species is often associated
with drought stress and insect damage.
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Figure 1. Structure of four major aflatoxins.

Analysis - Extraction and Cleanup

Grains and Feeds. The greatest source of error in
analyzing mycotoxins in grains or feeds is sampling
(CAST. 1989). A representative sample of the lot
must be taken to ensure reliable analytical data. This
topic has been discussed in detail by Dickens and
Whitaker (1986 I.

Most samples of grains or feeds can be analyzed by
the method known as the CB (an abbreviation from
the Contaminants Bureau. FDA) method. which is the
official method for analysis of aflatoxins in peanuts
and peanut products (Helrich. 1990). A diagram of
the method is shown in Figure 3. Briefly. the samples
are adequately ground and thoroughly mixed before
subsamples are taken for extraction with chloroform.
A portion of the extract is placed on a column of silica

50-g subsample

•Place in 500-mL, glass-stoppered Erlenmeyer flask
with 25 mL of H20, 25 g of diatomaceous earth,
and 250 mL of CHCI 3 • Shake 30 min .•

Sample Preparation
1- to 2-kg sample ground to pass a no. 20 sieve.
Mix thoroughly.

•Wash with 150 mL of hexane, followed by
150 mL of anhydrous ether. Discard.

•Elute aflatoxins with 150 mL of MeOH-CHCI 3
(3: 97). Collect entire fraction.•

Filter and collect first 50-mL extract:
Place on column.

Column Preparation

Place glass wool loosely in bottom of
22- X 300-mm chromatographic tube and add
5 g of anhydrous Na2S04 and then CHCI 3 until
tube is half-full. Add 10 g of silica gel 60.
Wash sides with CHCI 3 and drain to aid
settling of silica gel, leaving - 5 to 7 cm above
silica gel. Carefully add 15 g of anhydrous Na2S04 •

Drain to top of Na2S04 •

Add 50 mL of extract from above.

Evaporate to dryness and quantitatively transfer to
vial. Evaporate solvent and seal vial until use in
quantitative analysis.

Figure 3. Diagrammatic procedure for preparation,
extraction. and cleanup of aflatoxins for analysis from
grains or feeds.
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Figure 2. Structure of aflatoxin MI'

gel and the lipids and pigments are eluted from the
column before elution of the aflatoxins. After the
aflatoxins are eluted they can be analyzed by either
TLC, HPLC, or gas chromatography-mass spectrome­
try (GC-MSl.

Milk and Other Dairy Products. The analytical
procedure for dairy products is the official method for
International Union of Pure and Applied Chemistry,
Association of Official Analytical Chemists, and the
International Dairy Federation. Details of the proce­
dure were given by Stubblefield (986). For extrac­
tion, sodium chloride is added to reduce the chance of
emulsions occurring when CHCl3 is added. In the case
of powdered milk it must be dissolved in water before
extracting, similarly to liquid milk. Cheese is cut into
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small cubes before extracting. If emulsion problems
are encountered in the extraction of these products, an
alternative method is suggested (Fukayama et aI.,
1980 l and is described in the publication by Stub­
blefield (1986 J. Briefly, 50 mL of milk (blood or urine
can be extracted similarly) is placed on a
4.0-cm-diameter, polypropylene column of hydrophilic
matrix material (Analytichem International, Harbor
City, CA) and three 50-mL aliquots of acetone-CHzClz
(1:9 l are used to elute the aflatoxin M1 from the
column. The eluates from the column are combined

and evaporated to dryness, redissolved in 20 mL of
CHzClz, and placed on the column as described in
Figure 4.

Animal Tissues. The procedure outlined in Figure 5
is from the official AOAC method (Helrich, 1990 l. In
the extraction process it is important to mix the citric
acid (for protein denaturation) and diatomaceous
earth with the meat tissue and in filtering to squeeze
as much of the extract from the mixture as possible.
The column cleanup procedure uses three washes to
eliminate impurities before elution of aflatoxins with

50 mL liquid milk
10 mL NaC! (sat/d)
120 mL CHCI3

5 g powdered milk
50 mL H20 (shake)
10 mL NaC! (sat'd)(shake)
100 mL CHCI3

50 g cheese
2.5 mL NaCI (sat'd)
100 mL CHCI3

Partition 1 min
(250 mL sep. funnel)

Blend 1 min

Filter and record volume

+
Column chromatography

1.0 cm Ld. X 30 cm glass columns
2.0 g silica gel 60 containing 1% H20

slurried in CHCI 3 in column
2.0 g Na2S04 (anhyd.) added to cap column

+
Column elution

1. Filtrate (in portions)
2. Acetic acid:toluene (1 :9)(25 mL)
3. Hexane (25 mL)
4. Acetonitrile:ether:hexane (1 :3:6)(25 mL)
5. Acetone:CHCl 3 (1 :4)(60 mL)

~__-..II ~

Filtrate

Acetic acid:toluene
Acetonitrile:ether:hexane

(discard)

Aflatoxin M,

Acetone:CHCl3

+Conc. to dryness for TLC

Figure 4. Diagrammatic procedure for determination of aflatoxin M1 in dairy products (From Stubblefield, 1986).
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Evaporate in 500-mL, round-bottomed flask to near
dryness and save for column chromatography.

Redissolve extract in 25 mL of CH2CI 2 and add to
column. Rinse sides of column as it drains to top of
packing .

TI

ff
i I

LO LO

([) C\J
·1 -

11

Direct ion 2---

08

C D E
oA 0 0 0

Cl

...,
u
Ql
L

Figure 6. Diagram for scoring and spotting of sample
and standards for two-dimensional TLC separation of
aflatoxin B1 and M1 in tissue and milk.

•Filter extract mixture into 300-mL Erlenmeyer flask
containing 10 g of Na2SO.. Squeeze all extract
from mixture. Swirl flask intermittently for 2 min
and refilter contents into 250-mL graduated
cylinder and record volume.•

Column Preparation
In glass column (30 X 1.0 cm) with polyethylene
frit fill half with CH 2CI2 and add 2 g of silica gel
60. Allow to settle, wash sides of column, and add
2 9 of Na2S04 • Drain until solvent is 1 cm above
column packing.

Blend meat until homogeneous and weigh 100 g
into 500-mL, glass-stoppered Erlenmeyer flask.
Add 10 mL of citric acid and mix with 20 9 of
diatomaceous earth. Add 200 mL of CH 2CI2 • Shake
30 min .

•Wash with 25 mL of toluene-HOAC (9:1), followed
by 25 mL of hexane and 25 mL of hexane-ether­
CH 3CN (6:3: 1). Discard.

•Elute aflatoxins with 40 mL of CH 2Cl 2-acetone
(4: 1) and evaporate to dryness. Quantitatively
transfer to vial. Evaporate to dryness and seal vial
until use in quantitative analysis.

Figure 5. Diagrammatic procedure for preparation.
extraction, and cleanup of aflatoxins for analysis from
tissues.

CH2CI2-acetone. The final extract obtained can be
used for the desired quantitative analytical procedure.

Analysis Quantification

Thin-Layer Chromatography. The CB method for
detennination of aflatoxins in peanuts and peanut
products includes TLC as the final analytical method
for quantification and confinnation of the aflatoxins.
Glass plates precoated with silica gel (20 cm x 20 cm)
can be used for single-dimension development of the
chromatograms. Two 5-J-LL and two 20-J-LL aliquots of
sample are spotted on each plate along a line about 4
cm from the bottom edge of the plate. On the same
plate, 2, 5, and 10 J-LL of aflatoxins standard (.5 J-Lg/mL

Bl> GI, and MI; .1 J-Lg/mL B2 and G2) is spotted as
well. Five microliters of standard is spotted on top of
one of the two 20-J-LL sample spots as an internal
standard. The plate is developed in an unlined but
equilibrated tank; the developing solvent should be
approximately 2 cm in depth. Quantification is accom­
plished by comparison to the reference standards on
the TLC plate or by fluorescence densitometry.

One of the advantages of TLC with aflatoxins is
that confirmation of identity can be conducted directly
on TLC plates. However, the samples should be
spotted and developed on two-dimensional plates (as
used below for tissues) and then derivatized using
trifluoracetic acid in hexane as described by Stub­
blefield (1986!.

Thin-layer chromatographic analysis of milk can be
accomplished by spotting on plates similar to the CB
method above. The residues from the extraction and
cleanup are dissolved in 100 J-LL of benzene:acetonitrile
(9: 1 ). and 20 J-LL of this solution is spotted on the
plate along with 5 to 10 J-LL of M1 standard. The plate
is developed in isopropanol:acetone:chlorofonn ( 5:1:
851. Confinnation of MI can be accomplished as
described above.

Tissue extracts usually contain sufficient impurities
to warrant development on two-dimensional TLC
plates. This method is adequately described by Stub­
blefield (1986); however, Figure 6 gives the diagram
for scoring and spotting on a two-dimensional plate.
The residues from extraction and cleanup are dis­
solved as for milk and 20 J-LL is spotted at A. Aflatoxin
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CH3 Mass Spectral Confirmation. Absolute identification
of the aflatoxins and the other mycotoxins discussed
herein can be accomplished with GC-MS analvsis
(Rosen et aI., 1948) or bv MS-MS analvsis (Plattner
and Bennett, 1983L . .

Immunochemical Methods. Rapid methods for anal­
ysis of aflatoxins have been developed and are
commercially available (CAST. 1989). These methods
employ immunologic (ELISA) or chromatographic
procedures that are semiquantitative or pass/fail
screening procedures. A procedure using im­
munoaffinity columns has been commercialized
(Vicam, Somerville, MA) and is quantitative with
instrumentation. This method is currently used bv the
Federal Grain Inspection Service for' analvsis of
aflatoxins in grains. Most of these procedures' enable
analysis of aflatoxins in S; 45 min. The development of
immunochemical methods during the last 15 yr has
been reviewed by Chu (1992 L

Figure 7. Structure of zearalenone and its major
metabolites a-zearalenol and 13-zearaleno1.

BI-MI standard (.25 ~g/mL each) is spotted at B, C,
D, and E (5 ~L. 3 ~L. 5 ~L, and 7 ~L, respectively).
The plates are then developed to the scored line in the
first direction with isopropanol:acetone:chloroform (3:
10:87). The plate is removed from the tank and the
solvent is allowed to evaporate, and then the plate is
developed in the second direction to the scored line in
water:methanol:ether (1 :4:95), The plates are exam­
ined as in the CB method above and confirmation of
BI and M1 is conducted as described by Stubblefield
(1986),

High Performance Liquid Chromatography. Al­
though the CB method is designed for the aflatoxins to
be determined by TLC, HPLC methods can be used for
quantification. The method used at the National
Center for Agricultural Utilization Research is a
reverse-phase HPLC system that requires that
aflatoxins Bland M1 be treated first with trifluoroa­
cetic acid to maximize fluorescence of these com­
pounds in the aqueous mobile phase (Stubblefield.
1986 J. The sample is finally dissolved in mobile phase
solvent and injected. The mobile phase is isopropanol:
acetonitrile:water (12.5:12.5:75) and a 25-cm.
5-~m CIS column and fluorescence detector (366 n m )
are used. The flow rate is 1 mUmin.

An HPLC method specifically for milk was devel­
oped by Ferguson-Foos and Warren (1984) and is
described adequately by Stubblefield (1986,. The
HPLC portion of the method has been successfullv
used for analysis of the extracts from animal tissue~.
Stubblefield et a1. (1991) used an HPLC procedure
along with the AOAC method to determine aflatoxins
in tissue. Substitution of HPLC for TLC was accom­
plished by simply using 10 mL of the original extract.

Zearalenone

The Toxin

Zearalenone, a non-steroidal estrogenic mycotoxin,
and its major metabolic products ( a-zearalenol and 13­
zearalenol) are depicted in Figure 7. Alpha­
zearalenol, the more estrogenic metabolite, is formed
in humans and in swine in greater amounts than in
rats. This mycotoxin, a resorcylic acid lactone, was
originally isolated and crystallized from laboratory
cultures of "Fusarium roseum" (F. graminearum) by
Stob et a1. (1962). The extensive chemistry and
chemical synthesis of zearalenone and its metabolites
have been reviewed by Shipchandler (1975) and by
Pathre and Mirocha (1976). Zearalenone is insoluble
in water and heat-stable, and it persists in both
human foods and animal feeds prepared from contami­
nated grains. This toxin is the only known phytoestro­
gen produced by a fungus and is unique in that one of
its derivatives, zeranol ( a-zearalanol), is useful com­
mercially as a growth promoter in cattie.

Fusarim graminearum (Gibberella zeae) and F.
culmorum are the major zearalenone-producing spe­
cies and are distributed worldwide (Marasas et aI.,
1984), Recently, F. crookwellense isolates from differ­
ent geographic areas were compared for their ability
to produce mycotoxins on corn in laboratory cultures
(Vesonder et aI., 1991). Low levels (S; 2 ~g/g) of
zearalenone were reported to be produced by 13 of 18
isolates examined.

Methods of Analysis

Cereal Grains and Feeds. Zearalenone and its
metabolites, a-zearalenol and 13-zearalenol, can be
reliably determined by a variety of methods, including
TLC, HPLC, GC, and ELISA procedures (Table 1).
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Table 1. Methods of analysis for zearalenone

Method8

TLC
HPLC-FL
HPLC-FL
HPLC-FL
HPLC-FL
HPLC-UV
HPLC-EC
GC-MS (ion trapl
ELISA

ELISA

Matrix

Corn
Corn
Corn
Urine, plasma
Grains, feeds
Tissue
Tissue
Cereals
Cereals

Urine

Detection limit

300 nglg
50 nglg
2 nglg

.5 nglmL
10 nglg
10 nglg
5 nglg
1 nglg
2.5 nglg

10 nglmL

Reference

Shotwell et al.. 1976
Bennett et al.. 1985
Chang et aI., 1984
Olsen et aJ.. 1985
Bagnaris et al., 1986
Medina and Sherman. 1986
Roybal et aI., 1988
Schwadorf and Muller. 1992
Warner et al.. 1986

MacDougald et aJ.. 1990

8TLC = thin-layer chromatogTaphy; HPLC = high performance liquid chromatography; FL = fluorometric; UV = ultra\;olet; EC
electrochemical; GS-MS =gas chromatogTaphy-mass spectrometry; ELISA =enzyme-linked immunosorbent assay.

The method of choice, HPLC with fluorescence detec­
tion, has been tested collaboratively (Bennett et al.,
1985) and has been adopted as an official method of
analysis by the Association of Official Analytical
Chemists International, the American Oil Chemists'
Society, and the American Association of Cereal
Chemists. After extraction into chloroform, zearale­
none (and Ct- and 6-zearalenol) is partially purified by
liquidlliquid partition into 2% sodium hydroxide. After
neutralizing \,"ith citric acid, zearalenone is reparti­
tioned into methylene chloride and dried over sodium
sulfate, and the solvent is removed under vacuum.
This procedure efficiently removes matrix interfer­
ences from extracts and the purified residue is
dissolved in .5 mL of mobile phase, giving a final
concentration of 20 gram equivalents per milliliter.
This permits low levels of toxin to be detected in corn
and feeds. "When tested collaboratively in 13 different
laboratories, all collaborators were able to measure
both Ct-zearalenol and zearalenone at 50 ng/g in corn.
A detection limit of 10 ng/g was reported by Bagnaris
et al. (1986), who analyzed samples of corn, barley,
sorghum. oats, and feeds collected from farms.

Another method that has been tested collabora­
tively (Shotwell et al., 1976) is the TLC method
developed by Eppley (1968) to screen agricultural

commodities for zearalenone, aflatoxin, and
ochratoxin. This procedure, although less sensitive,
can be used as a screening method and is reliable at :2:
300 nglg, a level below the 500 ng/g concentration
usually associated with animal disorders.

More sophisticated and expensive instrumentation,
such as GC-MS, is capable of detecting zearalenone
concentrations as low as 1 nglg (Schwadorf and
Miiller, 1992). Limited availability of such instru­
ments currently precludes their use as routine
methods of analysis.

Recent research into new technology to provide
specific, rapid, and relatively inexpensive screening
tests for zearalenone has resulted in several ELISA
procedures for this toxin (Liu et al., 1985; Warner et
al., 1986). These assays, based on the specificity of
monoclonal and polyclonal antibodies for zearalenone,
can be used, with certain precautions, to screen for the
presence of zearalenone early in commercial channels.
All samples giving a positive response by the ELISA
screening test must be analyzed by another procedure
to verify the ELISA results. The ELISA procedure can
reduce the laborious chemical testing of the majority
of samples, which are negative for zearalenone, thus
saving significant time and expense.

Animal Tissues and Fluids. Zearalenone and its
metabolic products can be determined aCvery low

Table 2. Methods of analysis for deoxynivalenol

Method8

TLC

GC-EC
MS-MS
PolarogTaphy
GC-FID
GC-EC
ELISA

ELISA

Matrix

Corn
Wheat
Wheat
Corn
Corn
Corn. barley
Wheat
Wheat

Grain foods

Detection limit

100 nglg
40 nglg
10 nglg

100 nglg
50 nglg

2 nglg
1 nglg

10 nglg

1 p.glg

Reference

Trucksess et aI., 1984

Bennett et al., 1983
Plattner and Bennett, 1983
Visconti et aI., 1984
Kamimura et aI., 1981

Xu et al., 1986

Abouzied et al., 1991

8TLC =thin-layer chromatogTaphy; GC =gas chromatogTaphy; EC =electrochemical; MS =mass spectroscopy; FID =flame ionization;
ELISA = enzyme-linked immunosorbent assay.
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The Toxin

Deoxynivalenol

Figure 8. Structure of deoxynivalenol and I5-acetyl­
deoxynivalenol.

levels in both tissues and fluids by both HPLC and
GC-MS procedures. Because both Q- and l3-zearalenol
may be formed. methodology was developed for both
isomers. James et al. (1982) reported an HPLC
method for zearalenone and zearalenols in rat urine
and liver with detection limits of 2 and 5 ng/mL,
respectively. Olsen et al. <1985), used a fluorescence
detector with HPLC to determine zearalenone in rat
urine and plasma at .5 ng/mL. Before analysis, urine
samples had to be incubated with glucuronidase to
free glucuronide-bound zearalenone. An ELISA tech­
nique with a detection limit of 10 nglmL has been
applied to pig urine by MacDougal et al. (1990>-

Concern exists for the potential occurrence of
zearalenone and its metabolites in animal tissue.
Capillary GC and capillary GC-MS methods have been
used to demonstrate that no incurred residues of
zearalenone or its metabolites could be found in
animal tissues (Roybal et aI., 1988J. These methods
are capable of separating zearalenone and its metabo­
lites from the closely related growth promoter, zer­
anol, and its metabolites. The latter compounds can' be
detected in animal tissues if appropriate withdrawal
periods are not followed.

Methods of Analysis

Cereal Grains and Feeds. The two cereal grains
most often contaminated with DON are corn and
wheat. Most assays for DON have been developed for
these substrates. A summary of the most commonly
used procedures is given in Table 2. The TLC method
of Trucksess et al. (1984) has been tested collabora­
tively and is an official method of analvsis <First
Action) of the AOAC International. An outline of this
method is given in Figure 9. Although sensitive to 100
ngig DON in wheat and 40 nglg in corn when used by
an "expert analyst," the procedure is routinely applica­
ble at ;:: 300 nglg as a result of interlaboratory
variations in results from identical samples.

A more sensitive and labor-intensive method is the
GC-electron capture (of the heptafluorobutyryl deriva­
tive) procedure reported by Bennett et al. (1983), A
modification of this method has been collaboratively
studied by Ware et al. (1986) and is an official
method of the AOAC International and is applicable at
;:: 325 nglg DON (Figure 10). High performance liquid
chromatographic methods with UV detection of DON
use the high capacity of activated charcoal columns to
partially purify DON from substrate matrices. The
efficient cleanup permits DON to be readily detected
<UV max 219 nm) at low levels and can be used to
process large numbers of samples in a short time
(Chang et aI., 1984).

The newest technology for DON assays is the
ELISA screening procedure. This procedure has been
used to survey wheat samples and has a reported
detection limit of 10 ng/g (Xu et aI., 1986). A less
sensitive modification was used by Abouzied et al.
(1991 ) to survey cereal grain food products from store
shelves (survey limited to Michigan J.

demonstrated to produce significant levels of DON in
laboratory cultures. In addition to zearalenone. these
Fusarium species can produce nivalenol. diacetoxvscir­
penol, and other trichothecenes <Bennett et al.. 1988).
Ichinoe et al. (1983) showed that different F.
graminearum isolates from barley and wheat fields in
Japan produce either DON and 3-acetvl DON or
nivalenol. The production of nivalenol bv i~olates from
North America is rare. .

~
~OH H

~ - 0 IIlOH

0: IIIH- : !
HOH~_OH H

I
o
I
CH 3

15-Acetyl Deoxynivalenol

~
~OH H

~ - 0 1l·0H

o : ~ III H

HO :: HCH20H

DeoxynivalenoJ

Deoxynivalenol (3,i ,15-trihydroxy-12,13-epoxytri­
chothec-9-en-8 one; DON, vomitoxin) and its precur­
sors/metabolites, 15-acetyldeoxynivalenol and 3­
acetyldeoxynivalenol. are members of a group of
sesquiterpenoids known as the trichothecenes. This
secondary metabolite (Figure 8) is characterized by
the ketone moiety at the C8 position, which distin­
guishes Group B from Group A trichothecenes. Deox­
ynivalenol is stable, survives processing (milling),
and does occur in food products and feeds prepared
from contaminated corn and wheat. The most common
producer of DON is Fusarium graminearum (Marasas
et aI., 1984). In addition, F. culmorum has been

Fumonisins

The Toxins

The fumonisins are a group of compounds originally
isolated from Fusarium moniliforme <Bezuidenhout et
aI., 1988; Gelderblom et aI., 1988J. To date, six
different fumonisins (FA I> FA2' FBI> FB2, FB3' and
FB4 ) have been described (Figure 11). The A series
are amides and the B series have a free amine.
Differing hydroxyl substitution accounts for different
fumonisins within each series. Fumonisins Al and A2
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Extraction

50 g of ground, blended sample in 500-mL Erlenmeyer flask.
Add 200 mL of acetonitrile-water (84:6).
Shake vigorously for 30 min on wrist-action shaker.
Filter through Whatman No. 2 paper and collect 20 mL in graduated
cylinder.

Column Cleanup

Apply to prepared column (from bottom to top) celite (.1 g), 1.5 g of
charcoal-alumina-celite (7:5:3), ball of glass wool.
Apply vacuum to achieve flow rate of 2 to 3 mLlmin. Allow sample to
reach top of column bed.
Rinse with 10 mL of acetonitrile-water (84:16).
Evaporate solvent (slowly) on steam bath (note: do not allow water
droplets to contaminate sample).
Add 3 mL of ethyl acetate to dissolve residue and heat to boiling on
steam bath.
Transfer to 2-dram vial with three 1.5-mL rinses of ethyl acetate.
Evaporate solvent under nitrogen. Residue represents 5 gram equivalents
of sample.
Save to thin-layer chromatography .

. Thin-Layer Chromatography

Dissolve residue in 100 pL of chloroform-acetonitrile (4: 1) and apply 5
and 10,uL of sample solution alongside 1,2,5, 10, and 20 pL of standard
solution (20 ng/,uL) on scored TLC plate, precoated with silica gel 60.
Develop plate with chloroform-acetone-isopropanol (8: 1: 1) in equilibrated
tank (about 1 h).
Remove from tank and air-dry.
Spray (or dip) in aluminum chloride solution. (Spray: 20 g of AICI 3 in 100
mL of ethanol-water [1:1]; Dip: 1.5 g of AICI3 + 15 mL of water and 85
mL of ethanol).
Examine plate under UV light (Iongwave) for possible blue interferences.
Heat plate for 7 min in 120°C convection oven.
Observe deoxynivalenol as blue fluorescent spot under longwave UV at
Rf = .6.
Compare intensity of sample spot with that of standards visually or
densitometrically.

Figure 9. Procedure for TLC determination of deoxynivalenol in wheat.

are reported to occur in F. moniliforme cultures
iBezuidenhout et al., 1988), but not in nature.
Fumonisins BI, B2, Ba, and B4 are also produced by
cultures of F. moniliforme and occur in nature
(Gelderblom et al., 1992). Little is known about their
biosynthesis, and research on their toxicity is still in
its infancy and has involved only FBI and FB2. A few
reports (Gelderblom et al., 1988; Marasas et al., 1988;

Harrison et al., 1990; Kellerman et al., 1990; Norred
et al., 1990; Ross et aI., 1992; Wilson et al., 1992; Yoo
et aI., 1992) provide a basis for toxicological concern.
Because fumonisins seem to be universally present in
corn and corn-based products (Sydenham et aI.,
1990a,b; Ross et aI., 1991a,b; Thiel, 1991a,b), it is
critical that safe levels in foods and feeds be deter­
mined.
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25 g of ground, blended sample and 125 mL of acetonitrile-water
(84:161

Shake for 60 min on wrist-action shaker

Filter through rapid flow paper

Pass 5 mL through Mycosep 224 column

Evaporate 2 mL to dryness under nitrogen

Dissolve residue in 1.0 mL toluene-acetonitrile (95:5)

Add 100 pL of HFBI reagent and heat for 60 min at 60°C

Cool. add 1.0 mL of 3% sodium bicarbonate, and vortex for 30 s

Allow phases to separate

Transfer 50 pL of upper phase to aut"osampler vial containing 9S0
pL of hexane

Assay by gas chromatography on same day

Gas Chromatography

Gas chromatograph: Hewlett/Packard 5790 III with Ni 63 detector

Column: Megabore (.53 mm) DB-S capillary, 15m

Carner gas: Argon-methane (95:S)

Make-up gas: Nitrogen

Temperature
program: 1S0°C to 250°C at SCo/min

Retention time of
deoxynlvalenol-
HFB derivatIve: 6.6 to 6.7 min

Figure 10. Procedure for gas chromatography with
electron capture detection of deoxynivalenol in wheat.

Several analytical approaches for the determination
of furnonisins in animal feeds have recently been
described. Thin-layer chromatography (Rottinghaus
et aI., 1992), GC-MS (Plattner et al.. 1990). liquid
secondary ion mass spectrometry ( LSIMS) (Voss et
al.. 1989), and HPLC methods have been reported.
High performance liquid chromatography involving 0­

phthaladehyde ( OPAl (Ross et al.. 1990; Shephard et
aI., 1990) or fluorescamine derivatives \\ith fluores­
cence detection (Wilson et al.. 1990) are the most
widely used at this time. However, an alternative
method using a stable, highly fluorescent deriv~tive
has been developed using naphthalene dicarboxalde­
hyde <Bennett and Richard, 1992 J. Although TLC
offers a quick and relatively inexpensive and sensitive
approach (detection limits near .1 ppm for each
fumonisinl, its primary use is as a screening tool and
provides little quantitative information. Mass spectral
techniques are highly specific and quantitative but
require expensive instrumentation.

All quantitative techniques employ some sort of
cleanup step using solid-phase extraction columns.
Although these commercially available devices are
readily available at low costs, problems of consistency
from lot to lot are a problem. Each laboratory
conducting fumonisin determination with SPE
cleanup should calibrate each lot to ensure good
precision and recovery.

The HPLC techniques reported to date show great
promise as quantitative tools using both isocratic and
gradient elution systems with C18, reversed-phase
columns. Table 3 shows several HPLC systems. The
fluorescamine derivative is very stable and sensitive
but results in two HPLC peaks for each fumonisin,

Table 3. High performance liquid chromatography conditions and retention times for o-phthalaldehyde (OPA)
and fluorescaminL' IFLAl derivatives of FBI and FBza

Retention time, min

Column

2

OPA FLA

Gradient Fill FB~ FB! FBz
Stepwlsed; 100'i{ A•. 1 min ':'ti 11.9 5.3 8.5
50r;; A + 50r; B, 6 min 6.3 10.0
100r;; B. 4 min

Lineard: 100r; A. 1 min ~1I 12.2 7.0 10.3
100r,; A to 100'i( B, 8 min 8.5 11.4
100r:; B. 1 min

Linear: 100r;; A to 100'i{ B. 10 min 711 10.3 6.6 9.7
lOOc;;. B, 2 min 8.0 10.8

Lineare: l00'i{ A to 100'i{ B. 10 min .; :l 8.0 3.9 7.4
100'i{ B. 2 min 5.6 8.6

apublished by Ross et al.. 1991a.
bC18, 10 ern x 4.6 mm. 5 /lm <Brownlee. RP-IB Anal.\'tlC"al Cartndgc. P. J. Cobert Assoc., Inc., St. Louis, MOl.
eC18, 3 ern x 4.6 mm, 3 /lm <Perkin-Elmer, Clii Anal."tlC"al Column. !"orwalk, CTl.
dSolvents: A = 40c;;. CH3CN/59r,; H zO/l'i{ acetiC" aC"ld. B = fiO'; CH:1C':,\.'39r:; H zO/1'lr acetic acid.
eSolvents: A = 40c;;. CH3CN/60'lr .1 M NaHzPO.;: B = fiO t

; CH:ICN/40r,; .1 M NaHzP04, both adjusted to pH 3.3 with H3P04'
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Figure 11. Structure of fumonisins.
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reducing sensitivity but providing qualitative informa­
tion due to the consistent ratio of the two peaks. The
OPA derivative yields a single peak but is not as
stable as the fluorescamine derivative. The OPA
derivative must be handled on a timed basis with each
sample, standard. and! or) control subjected to exactly
the same reaction time. A limited study has shown
that both derivatives provide equivalent quantitative
results (Ross et a!., 1990). Mass spectral and HPLC
techniques have also been shown to yield equivalent
results (Plattner et al.. 1991l. Detection limits for the
HPLC methods are very dependent on the quality of
the fluorometer and can be < .1 ppm. Gas chromatog­
raphy-mass spectrometry is also easily capable of
detection limits of < .1 ppm. Care must be taken with
the interpretation of detection limit described here. In
general. most of the reported methods have not been
kpushed" to go as low as possible. This is because corn­
based feeds and foods almost universally contain
fumonisin concentrations> .1 ppm (sometimes re­
ferred to as background level), and there is not
current information that would indicate a need to
analyze for lower concentrations in this matrix.

All the techniques described in this review have
been successfully applied to corn-based feed and foods.
The fumonisin/OPA derivatives are resolved from
matrix interferences in most types of feeds. Certain
swine and poultry diets have an interference peak

very close in retention time to FBI on isocratic elution.
The two peaks can easily be resolved using a gradient
elution (1. G. Rice, personal communication l. There
are no reports of methods for FB 1 in tissues.

Conclusions

The methods outlined in this review for the selected
mycotoxins are useful in detecting and quantifying
relatively small amounts of these mycotoxins. In many
cases, we are able to measure levels far below those
that are important based on risk assessments. Most of
the analyses can be done using relatively inexpensive
TLC procedures. However, the most sensitive methods
employ HPLC or GC that use more sophisticated
equipment and thus are more expensive. Often GC is
coupled with mass spectrometry and this, of course, is
quite expensive. Nevertheless, one must realize that
there is not a universal method for detection and
quantification of mycotoxins in feeds or foods because,
as mentioned in the introduction, the mycotoxins are
chemically quite diverse, and so are the matrices in
which they occur. Considerable work still needs to be
done in reducing the time and expense required for
analyses of mycotoxins. The immunologically based
methods may fill some of these needs in the analysis of
these naturally occurring toxicants. The immunologic
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methods allow inexpensive screening or they can be
designed for more sophisticated quantitative analysis.

Implications

Mycotoxins can be assayed in a variety of matrices,
but the methods of analysis are dependent on the
matrix and the mycotoxin in question. It is important
to ensure that a representative sample of the matrix is
taken, 'especially if quantification is important.
Qualitative analysis may be accomplished with a
variety of immunologically based tests using limited
laboratory facilities, but most quantitative tests em­
ploy sophisticated laboratory equipment and methods
such as high performance liquid chromatography and
gas chromatography. Current methods of analysis are
capable of detecting mycotoxins in feedstuffs and food
far below those concentrations considered to be
harmful to animals and humans.

Literature Cited

Abouzied. ~1. M., J. 1. Azcona, W. E. Braselton. and J. J. Pestka
1991. lmmunochemical assessment of mycotoxms in the 1989
gram foods: Evidence for deoxynivalenol contammatlon. Appl.
Environ. ~licrobiol. 57:6i2.

Bagnaris. R. \t.; .. G. M. Ware. and J. A. Gaul. 1986. Liquid chromato­
graphiC determmatlOn of zearalenone and zearalenol m anImal
feeds and grams usmg fluorescence detectIOn. J. Assoc. ofT
Anal. Chern. 69:89-1

Bennett. G. A.. and J. L. Richard. 1992. High pt'rformanct' hquld
chromatographic method for the naphthalene dlcarboxald.·h\d.·
denvatlve of fumonIsms. p 143. Proc. AOAC lnt. Mtg.. Clnnn·
natl. OH I Abstr. I.

Bennett. G. A.. O. L. Shotwell. and W. F. Kwolek. 19H5 LiqUid
chromatographic determmatlOn of ce·zearalenol and z,'aralt··
none'm corn: Collaborative study. J. Assoc OfT. Anal. Ch.·m
68:958.

Bennett. G. A.. R. D. Stubblefield. G. M. Shannon. and () L
Shotwell. 1983. Gas chromatographic determinatIOn of d.·"x·
ynivalenol In wheat. J. Assoc. OfT. Anal. Ch.'m. 6lil-17~

Bennett. G. A.. D. T. Wick low. R. W. Caldwell. and E B Sm,dlt·\
1988. DistributIOn of tnchothecenes and zear<.tI,·n"lll· In Fu,.• r·
ium grammearum·rotted corn ears grown In a c"nlrt,llt·d "11'

vironment. Agnc. Food Chern. 36:639.
Bezuidenhout. S. C.. W.C.A. Gelderblom. C. P. Com·Allman. H ~l

Horak. W.F.O. Marasas. G. Splteller. and R. \'!t'ggaar 1~l'"

Structure elucidation of the fumol1lsln". mvc"loxlO" trlln,
Fusanum moniliforme. J. Chern. Soc. Chern. lommun II ~4:1

CAST. 1989. Mycotoxms. economic and health n"k". Ta,,\" Fllrn·
Report # 116. Council for Agricultural SCience <.tnd T,·chnlljll).,'"\.
Ames. lAo

Chang. H. L.. J. W DeVries. P. A. Larson. and H H l'al.·J Ill'" I
Rapid determmatlOn of deoxynivalenoJ I vomll"\In' h\ hqu.d
chromatography uSing modified Romer column c11'anup .J A,·
soc. OfT. Anal. Chern. 67:52.

Chu. F. S. 1992. Recent progres~ on anal.\'tlcal t.'chnIqlJt·, f"r
mycotoxins in feedstufTs. J. Anim. SCI. iO:39:,(J.

Dickens. J. W.. and T. B. \\'hitaker. 1986. Samphng and "amplt·
preparation methods for mycotoxin analysl."' In !{ .1 C"I.·
(Ed. I Modern Methods in the Analysis and Structural Elunda·
tion of Mycotoxins. pp 29-49. AcademiC Press. :\t'w York

Eppley. R. M. 1968. Screening method for zearalenont:. aflaloxin.

and ochratoxin. J. Assoc. Off. Anal. Chern. 51:74.
Ferguson-Foos. J .. and J. D. Warren. 1984. Improved cleanup for

liquid chromatographic analysis and fluorescence detectIOn of
aflatoxins M1 and M2 in fluid milk products. J. Assoc. Ofr
Anal. Chern. 67:1111.

Fukayama. M.. W. Winterlin. and D. P. Hsieh. 1980. Rapid method
for the analysis of aflatoxin M1 in dairy products. J. Assoc. OfT.
Anal. Chern. 63:927.

Gelderblom. W.C.A.. K Jaskiewicz. W.F.O. Marasas. P. G. Thiel. R.
M. Horak. R. Vleggaar. and N.P.J. Kriek. 1988. Fumonisins·
novel mycotoxins with cancer promoting activity produced by
Fusarium moniliforme. Appl. En\iron. ~llcrobiol. 5-1:1806.

Gelderblom. W.C.A.. W.F.O. Marasas. R. Vlegg-ar. P. G. Thiel. and
M. E. Cawood. 1992. Fumonisins: Isolation. chemical charac·
terization. and biological effects. Mycopathologia 117:11

Harrison. L. H.. B. M. Colvin, J. T. Greene. L. E. Newman. and J. R
Cole. Jr. 1990. Pulmonary edema and hydrothorax in swine
produced by fumonisin B1. a toxic metabolite of Fusanum
moniliforme. J. Vet. Diagn. Invest. 2:217.

Helrich. K (Ed.), 1990. Natural Poisons (15th Ed.l. Chap. 49
Association of Official Analytical Chemists. Arlington. VA.

Ichinoe. M.. H. Kurata. Y. Sugiura. and Y. Veno. 1983. Chemotax·
onomy of Gibberella zeae with special reference to production of
trichothecenes and zearalenone. Appl. Emiron. Microbiol. 46:
1364.

James. L. J .. L. G. McGirr. and T. K Smith. 1982. High pressure
hquid chromatography of zearalenone and zearalenols in rat
urine and liver. J. Assoc. Off. Anal. Chern. 65:8.

Kamimura. H.. M. Nishijima. K Yasuda. K Saito. A. Ibe. T.
Nagayama. H. Ushiyama. and Y. Naoi. 1981. Simultaneous
detection of several Fusarium mycotoxins in cereals. grains and
foodstuffs. J ..>\.ssoc. Off. Anal. Chern. 64:1067.

Kellerman. T. S.. W.F.O. Marasas. and P. G. Thiel. 1990. Leukoen­
cephalomalacia in two horses induced by oral dosing of fumoni·
sm Bl. Onderstepoort J. Vet. Res. 57:269.

LlU. ~l.·T .. B. P. Ram. L. P. Hart. and J. J. Pestka. 1985. Indirect
enzyme·linked lmmunosorbent assay for the mycotoxin zearale·
none. Appl. Environ. Microbiol. 50:332.

~lacDougald. O. A.. A. J. Thulin. and J. J. Pestka. 1990. Determina·
tlon of zearalenone and related metabolites in porcine urine by
modified enzyme·linked immunosorbent assay. J. Assoc. Off.
Anal. Chern. 73:65.

~larasas. W. F. 0., T. S. Kellerman. and W.C.A. Gelderblom. 1988.
Leukoencephalomalacia in a horse induced by fumonisin B1
Isolated from Fusarium moniliforme. Onderstepoort J. Vet. Res.
55: 197.

~l"ras'b. W. F. 0 .. P. E. Nelson. and T. A. Toussoun. 1984. Toxi·
g.'mc Fusanum Species. Identity and Mycotoxicology. p 328.
l't'nnsvlvama State University Press, University Park.

~lt'dma. M. B.. and J. T. Sherman. 1986. High performance liquid
chromatographiC separation of anabolic steroids and ultra\iolet
dptt'ctlOn of lid·oestradiol. zeranol. diethylstilbestrol. or
zeurulenone in avian muscle tissue extract. Food Addit. Con·
t<lm 3:263.

:\orn'd. W. P.. R. D. Plattner, R. F. Vesonder. P. M. Hayes, C. W.
Bacon. and K A. Voss. 1990. Effect of Fusarium moniliforme
metabolites on unscheduled DNA synthesis (UDS) in rat pri·
mary hepatocytes. Toxicologist 10:165.

Olst'n. M. E.. H. I. Petterson, K A. Sandholm. and K-H.C.
K.It'sslmg. 1985. Quantitative liquid chromatographic method
u.<mg fluorescence detection for determining zearalenone and
Ib metabolites 10 blood plasma and urine. J. Assoc. Off. Anal.
Chern. 68:632.

I'<lthre. S. V.. and C. J. Mirocha. 1976. Zearalenone and related
compounds. In: J. V. Rodericks (Ed.) Mycotoxins and Other
Fungal Related Food Problems. pp 179-227. American Chemi·
cal Society. Washington. DC.

Pbttner. R. D., and G. A. Bennett. 1983. Rapid detection of Fusar·
lum mycotoxins in grains by quadrapole mass spectrometry/
mass spectrometry. J. Assoc. Off. Anal. Chern. 66:1470.



2574 RICHARD ET AL.

Plattner. R. D.. \V. P. Norred, C. W. Bacon, K A. Voss, R. Peterson.
D. D. Shackelford. and D. Weisleder. 1990. A method for detec­
tion of fumonisms in corn samples associated v.ith field cases of
equine leukoencephalomalacia. Mycologia 82:698.

Plattner. R. D.. P. F. Ross. R. Reagor, J. Stedelin. and L. G. Rice.
1991. Analysis of corn and cultured corn for fumonisin Bl by
HPLC and GC/MS by four laboratories. J. Vet. Diagn. Invest. 3:
357.

Rosen. R. T.. J. D. Rosen. and V. P. DiProssimo. 1984. Confirmation
of aflatoxin Bland B2 in peanuts by gas chromatography/mass
spectrometry/selected ion monitoring. J. Agric. Food Chern. 32:
276.

Ross, P. F.. P. E. Nelson. J. L. Richard. G. D. Osweiler, L. G. Rice, R.
D. Plattner. and T. M. Wilson. 1990. Production of fumonisins
by Fusarium moniliforme and Fusarium proliferatum isolates
associated y,ith equine leukoencephalomalacia and a pulmo­
nary edema syndrome in swine. Appl. Environ. Microbiol. 56:
3225.

Ross. P. F.. L. G. Rice, G. D. Osweiler, P. E. Nelson, J. L. Richard,
and T..M. Wilson. 1992. A re\iew and update of animal toxi­
coses associated with fumonisin-contaminated feeds and
production of fumonisins by Fusarium isolates. Mycopathologia
117:109.

Ross, P. F., L. G. Rice, R. D. Plattner. G. D. Osweiler. T. M. Wilson.
D. L. Owens. H. A. Nelson. and J. L. Richard. 1991a. Concen­
trations of fumonisin B1 in feeds associated with animal health
problems. Mycopathologia 114: 129.

Ross. P. F.. L. G. Rice. J. C. Reagor, G. D. Osweiler, T. M. Wilson. H.
A. Nelson. D. L. Owens. R. D. Plattner, K A. Harlin. J. L.
Richard. B. M. Colvin, and M. 1. Banton. 1991b. Fumonisin B1
concentrations in feeds from 45 confirmed equine leukoen­
cephalomalacia cases. J. Vet. Diagn. Invest. 3:238.

Rottinghaus. G. E.. C. E. Coatney, and H. C. Minor. 1992. Thin layer
chromatography screening procedure for fumonisin Bl and B2
in corn: survey of Missouri's corn harvest. J. Vet. Diagn. Invest.
4:326.

Roybal. J. E.. R. K. Munns. \\'. J. Morris. J. A. Hurlbut. and W.
Shimoda 1988. High pressure liquid chromatographic-elec·
trochemical determination of zearalenoVzearalenone and their
metabolites in edible aOimal tissue. J. Assoc. OfT. Anal. Chern
71:263.

Schwadorf. K. and H.-M. Muller. 1992. Determination of Ct- and 13­
zearalenol and zearalenone in cereals by gas chromatography
with ion-trap detection. J. Chromatogr. 595:259.

Shephard. G. S.. E. W. Sydenham. P. G. Thiel. and W.CA Gelder­
blom. 1990. Quantitative determination of fumonisins B) and
B2 by high-performance liquid chromatography with fluorl.'s,
cencl.' detection. J. Liq. Chromatogr. 13:2077.

Shipchandler. M. T. 1975. Chemistry of zearalenone and some of IL"
derivatives. Heterocycles 3:471.

Shotwell. O. L.. M. L. Goulden. and G. A. Bennett. 1976. Detl.'rmlnll·
tion of zearalenone m corn: Collaborative study. J. A.~soc. OfT
Anal. Chern. 59:666.

Smith. J. E.. and M. O. Moss. 1985. Mycotoxins. FormatIOn. AnalySIS
and Significance. John Wiley & Sons. New York.

Stob, M., R. S. BaldWin. J. Tuite, F. N. Andrews. and K. G Gillette.
1962. Isolation of an anabolic. uterotrophic compound from corn
infested with Gibberella zeal.'. Nature (Lond-. J 196: 1318.

Stubblefield. R. D. 1986. Thin-layer and high performance liqUid
chromatographic methods for the analysis of aflatoxms In anl-

mal tissues and fluids. In: J. L. Richard and J. R. Thurston
(Ed.) Diagnosis of Mycotoxicoses. Maninus NijhofT. Boston.
MA.

Stubblefield. R. D.. J. P. Honstead. and O. L. Shotwell. 1991. An
analytical survey of aflatoxins in tissues from swine grown in
regions reporting 1988 aflatoxin-contaminated corn. J. Assoc.
Off. Anal. Chem. 74:897.

Sydenham. E. W.• W.C.A. Gelderblom. C. A. Wentzel. P. G. Thiel.
and W.F.O. Marasas. 1990a. E\idence for thl.' natural occur­
rence of fumonisin B1• a mycotoxin produced by Fusarium
moniliforme. in corn. J. Agric. Food Chern. 38:285.

Sydenham. E. W.. P. G. Thiel. W.F.O. Marasas, G. S. Shephard. D.
J. Van Schalkwyk. and K R. Koch. 1990b. Natural occurrence
of some Fusarium mycotoxins in corn from low and high
esophageal cancer prevalence areas of the Transkei. Southern
Africa. J. Agric. Food Chern. 38:1900.

Thiel. P. G.. W.F.O. Marasas, E. W. Sydenham. G. S. Shephard.
W.CA Gelderblom, and J. J. Nieuwenhuis. 1991a. Survey of
fumonisin production by Fusarium species. Appl. Environ.
Microbiol. 57:1089.

Thiel, P. G., G. S. Shephard, E. W. Sydenham. W.F.O. Marasas, P.
E. Nelson, and T. M. Wilson. 1991b. Levels offumonisin B1 and
B2 in feeds associated with confirmed cases of equine leukoen­
cephalomalacia. J. Agric. Food Chern. 39:109.

Trucksess. M. W., S. Nesheim, and R. M. Eppley. 1984. Thin layer
chromatographic determination of deoxynivalenol in wheat and
corn. J. Assoc. Off. Anal. Chem. 67:40.

Vesonder. R. F .. P. Golinski, R. Plattner. and D. L. Zietkiewicz.
1991. Mycotoxin formation by different geographic isolates of
Fusarium crookwellense. Mycopathologia 113:11.

Visconti, A.. A. Bottalico. F. Palisano. and P. G. Zamboni. 1984.
Differential-pulsed polarography of trichothecene mycotoxins.
Anal. Chim. Acta 159:111.

Voss. K A.. W. P. Norred, R. D. Plattner, and C. W. Bacon. 1989.
Hepatotoxicity and renal toxicity in rats of corn samples as­
sociated with field cases of equine leukoencephalomalacia. Food
Chern. Toxicol. 27:89.

Ware, G. M.. O. J. Francis. A. S. Carmen. and S. S. Kuan. 1986. Gas
chromatographic detennination of deoxynivalenol in wheat
with electron capture detection: Collaborative study. J. Assoc.
Off. Anal. Chern. 69:899.

Warner. R., B. P. Ram, L. P. Hart, and J. J. Pestka. 1986. Screening
for zearalenone in corn by competitive direct enzyme-linked
immunosorbent assay. J. Agric. Food Chem. 34:714.

Wilson. T. M.. P. F. Ross, D. L. Owens, L. G. Rice. S. A. Green, S. J.
Jenkins. and H. A. Nelson. 1992. Experimental reproduction of
ELEM: A study to determine the minimum toxic dose in ponies.
Mycopathologia 117:115.

Wilson. T. M.. P. F. Ross, L. G. Rice, G. D. Osweiler, H. A. Nelson, D.
L. Owens. R. D. Plattner, C. Reggiardo, T. H. Noon,.and J. W.
Plckrell. 1990. Fumonisin BI levels associated with an epizootic
of equine leukoencephalomalacia. J. Vet. Diagn. Invest. 2:213.

Xu. Y.-C .. G. S. Zhang. and F. S. Chu. 1986. Radioimmunoassay of
deoxynivalenol in wheat and corn. J. Assoc. OfT. Anal. Chern.
69:967.

Yoo. H.. W. P. Norred, E. Wang, J. R. Merrill, and R. T. Riley. 1992.
Fumonisin inhibition of de novo sphingolipid biosynthesis and
cytotoxicity are correlated in LLC-PKI cells. Toxicol. Appl.
Pharmacol. 114:9.

Supplied by U.S. Dept. of Agric.,
National Center for Agricultural
Utilization Research, Peoria, IL


